Reactive nitrogen oxides (NOy) are a major constituent of the nitrogen deposited from the 14 atmosphere, but observational constraints on their deposition are limited by poor or 15 nonexistent measurement coverage in many parts of the world. Here we apply NO2 16 observations from multiple satellite instruments (GOME, SCIAMACHY, and GOME-2) to 17 constrain the global deposition of NOy over the last two decades. We accomplish this by 18 producing top-down estimates of NOx emissions from inverse modeling of satellite NO2 19 columns over 1996-2014, and 
Introduction 15
The introduction of reactive nitrogen to the environment by anthropogenic activities (e.g. be combined with modeling to produce spatially continuous estimates of NO2 dry deposition 10 fluxes. They found that dry deposition of NO2 contributes as much as 85% of total NOy 11 deposition in urban areas, but represents only 3% of global NOx emitted. The remaining 97% 12 of global NOy deposition is made up of both wet and dry deposition of other reactive nitrogen 13 oxide compounds that are not directly observed by satellite-based instruments. 14 In this study, we expand on the approach of Nowlan et al. (2014) by using the satellite 15 observations of NO2 columns to constrain total NOy deposition, including other oxidized 16 nitrogen species and wet deposition which contribute substantially to NOy deposition. We 17 accomplish this by constraining surface NOx emissions using the satellite observations of 18 NO2, and simulating subsequent NOy deposition with a global chemical transport model. 19 Given the effective mass balance between NOx emissions and deposition of reactive nitrogen 20 oxides, observational constraints on NOx emissions provide a powerful top-down constraint 21 on deposition (which to our knowledge has not yet been exploited in this way). 22 We leverage the long-term coverage of GOME, SCIAMACHY, and GOME- 2 23 observations to produce a globally consistent and continuous record of NOy deposition from 24 1996 to 2014. We highlight long-term trends in satellite-constrained NOy deposition around 25 the world and discuss changes in regional export of NOx. Our satellite-constrained estimates 26 of NOy deposition are evaluated using measured wet nitrate (NO3 -) deposition from a variety 27 of sources worldwide. We also explore the sensitivity of the NOy deposition estimates to 28 uncertainties in NH3 emissions. 29 30 7 priori emissions are used. The resultant simulation of NOy deposition is thus constrained by, 1 and consistent with, the satellite NO2 observations (similar in essence to an assimilation 2 system). We note uncertainty in tropospheric NO2 from lightning will propagate into the 3 inversion (Travis et al., 2016), but there is no evidence of a significant trend in lightning NOx 4 over the long term (Murray et al. 2012) . A constant bias is unlikely to affect the trend 5 analyses presented here. 6 Table 1 Here we summarize the overall patterns in long-term mean deposition resulting from our 11 satellite-constrained simulation, followed by a discussion of the long term trends, changes in 12 regional export, and the sensitivity of the simulated NOy deposition to potential uncertainties 13 in NH3 emissions. 14
Long-term Mean NOy Deposition 15
Figure 1 (top) shows our satellite-constrained long-term mean NOy deposition from 16 1996 to 2014. We find that 32.2 Tg N yr -1 is deposited on average over the continents (57% of 17 the total), and 23.8 Tg N yr -1 is deposited on average over the oceans (43% of the total). This 18 is similar to the estimate by Galloway et al. (2004) Figure 1 (bottom) shows the simulated long-term ratio of dry NOy deposition to total 31 (wet + dry) NOy deposition. Globally, dry and wet deposition contribute roughly equally to 32 total NOy deposition (52% and 48% respectively). Dry deposition usually accounts for more 1 than 50% of the total over the continents and directly off shore whereas wet deposition 2 dominates over the remote oceans. In the generally arid regions of the world (e.g. 3 southwestern US, the Sahara Desert, the Arabian Peninsula, and the Gobi Desert) dry 4 deposition accounts for ~85% or more of the total deposition. Elsewhere, dry deposition 5 fractions tend to be highest (>60%) nearest to major surface NOx sources (e.g. eastern US, 6
Western Europe, and near other major urban centres around the world in addition to the soil 7 and biomass-burning dominated source regions in South America and Africa). HNO3 8 typically makes the dominant contribution to dry NOy deposition, although NO2 and HNO3 9 can make almost equal contributions in certain high-NOx environments. Isoprene nitrates and 10 peroxyaxetyl nitrates comprise ~10-30% of dry NOy deposition in some densely forested and 11 high latitude environments respectively. 12 We evaluate our estimates of NOy deposition with measured wet NO3 -from several 13 sources. and another in the vicinity of Jakarta) and in Japan. The lowest long-term mean deposition 33 occurs at high latitude sites along the border of Russia and Mongolia, while moderate to high 1 deposition is measured on the coast of eastern China. 2
In general, our satellite-constrained estimate reflects the spatial variability that is seen in 3 the measurements. Globally, the correlation between measured NO3 -deposition and our 4 estimated wet NO3
-deposition is excellent (r = 0.83, NMB = -7.7%, N = 136 gridded model-5 data pairs). The vast majority of pairs (> 85%) agree to within 50% of each other. For the 6 individual regions, normalized mean bias in our estimate is smallest over North America 7
(NMB = +2.4%), and higher over Europe and East Asia (NMB = -32% and -25% 8 respectively). The spatial correlation over each region is strong (r = 0.89, r = 0.87, and r = 9 0.69 for North America, Europe, and East Asia respectively), but sample sizes over Europe (N 10 = 16) and East Asia (N = 11) are small so we emphasize caution in the interpretation of the 11 statistics for these two regions. The lack of continuous measurement coverage even in parts of 12 the world with routine network observations highlights the imperative of using other novel 13 observational constraints on deposition (such as the global satellite observations of NO2 used 14 here). 15
Trends in Global NOy Deposition from 1996 to 2014 16
Our long-term satellite-constrained estimate of NOy deposition facilitates a unique and 17 up-to-date investigation of the changes in NOy deposition around the world. We calculate 18 linear trends in annual NOy deposition using the nonparametric Sen's method (Sen, 1968) , 19 and test for significance with the nonparametric Mann-Kendall method (Kendall, 1975; 20 Mann, 1945 ). We treat increasing or decreasing trends as significant if p < 0.01. Given that 21 this is a test for linear trends, regions where shorter-term trends in deposition may have 22 changed signs over the period of study could result in erroneous or insignificant trends. Below 23 we discuss particular regions where this is the case. 24 Ocean to remote regions. The timeseries for this region (Fig. 6, left) shows that NOy Canada we estimate that NOy deposition has decreased in the south and east parts of the 27 country, consistent with observational analyses (Zbieranowski and Aherne, 2011). 28
Declines in NOy deposition are also found across Europe, but statistical significance 29 tends to be limited to western continental Europe and the United Kingdom (while changes in 30 the south, north, and eastern countries tend to be insignificant). According to the timeseries 31 for this region (Fig. 6, middle) , NOy deposition decreased by about 15% (from 2.5 Tg N yr over the Ukraine; but we find this is a result of opposing trends in dry (increasing) and wet 8 (decreasing) deposition. This would be explained by increasing local emissions but decreasing 9 transport from upwind. Similarly, we find significant increases in dry deposition in parts of 10 western Russia but no significant trend in wet deposition. 11
Large increases in NOy deposition are found throughout Asia, concentrated especially in 12 eastern China and parts of Southeast Asia. Figure 6 shows the timeseries of wet and dry NOy 13 deposition within the rectangular region outlined in Figure 5 that encompasses eastern China 14 and part of the adjacent ocean. We find that NOy deposition in the region increased by 65% 15 decreasing at a rate of about 3% yr -1 in this region. In contrast, we also estimate a similar 5 decrease in Southern Africa that is not represented in the recent GFED4 emission timeseries. 6
A reduction in NO2 column abundance in this region (observed by GOME and 7 SCIAMACHY) was also reported by van der A. (2008). They postulate that this decline could 8 be a result of deforestation leading to less biomass burning, but changing NOx emission 9 factors from biomass burning could also potentially contribute to the trend. 10
Despite the large regional trends described above, we find that global deposition 11 term. In East Asia, we also we find that most of the stations record statistically negligible 26 trends over the long term (only two of the 11 gridded observations have significant trends). 27
The steepest observed trend in this region (+0.39 kg N ha -1 yr -2 ) is found near Kuala Lampur 28 and is statistically significant. 29 We compare the long-term trends in these measurements with our satellite-constrained 30 trends in wet NO3 -deposition. We find a similar spatial gradient in North America, and the 31 same magnitude of declines through the northeast US and southern Ontario (-0.12 to -0. 16 Asia, our satellite-constrained trend estimates show statistically significant increases 5 throughout much of the region (in contrast to most of the available observations). The trend 6 over Kuala Lampur is significant and positive (+0.24 kg N ha -1 yr -2 ) as expected from the 7 available measurements. 8
We again emphasize the small sample size in Europe (N = 16) and East Asia (N = 11). 9
Moreover, in many cases trends in one (or both) datasets are small and/or insignificant. For 10 these reasons, we focus on comparing the confidence intervals of the measured and satellite-11 constrained trends. We find that for 129 of the 136 gridded pairs (> 90% of the data), the 95% 12 confidence intervals overlap; of the pairs for which the intervals do not overlap, 3 (out of 109) 13 occur in North America, 1 (out of 16) in Europe, and 3 (out of 11) in East Asia. For a large 14 majority of the data in all three regions we therefore conclude that the satellite-derived trends 15
are not significantly different from the trends inferred with ground-based measurements. a similar fraction of export from the continental US using our observationally-constrained 12 simulation (34%  2% from 1996-2014), with a small decreasing trend from 35% in 1996-13 1998 to 32% in 2012-2014. As a result of declining emissions we find that absolute export 14 from the continental US decreased by 50% from 2.9 Tg N in 1996 to 1.5 Tg N in 2014. We 15 find declines in NOy deposition across the Atlantic Ocean, with small though statistically 16 significant declines as far downwind as southern Greenland. The decreases downwind of the 17 continent are clearest and most significant in the winter, spring, and fall (Fig. 5b, c , and e) 18 while the trends are more local in the summer (when the NOx lifetime is short and when 19 midlatitude wind speeds are weaker. 20 We similarly calculate the net imbalance between NOx emissions and NOy deposition 21 over western European countries and find a decrease of almost 40%, from 2.2 Tg N to 1.3 Tg 22 N. We calculate mean export of NOx emissions from western European countries to be 45%  23 4%, with a notable decreasing trend from 50% in 1996-1998 to 40% in 2012-2014.. As a 24 result, the decrease in net export is steeper than the decrease in emissions from the region. As 25 alluded to in Section 3.2, the decrease in NOx export from some western European countries 26 has likely compensated for increases in emissions in some of the central/eastern European 27 countries, and in western Russia, where we find dry deposition has significantly increased, but 28 wet deposition has decreased or shows no significant net trend. deposition was dominated by statistically significant increases in wet deposition in some parts 28 of the country. We find the increase over Japan is most uniform during the spring (Fig. 5,  29 MAM), consistent with transport from China being pronounced during the spring season 30 (Tanimoto et al., 2005) . Nevertheless, the impacts of local NOx controls can also be 31 important. Dry deposition dominates the decline in annual NOy deposition just west of Tokyo. 32
Declines are seen throughout the southern part of the country during both the summer and fall 33 seasons (Fig. 5, JJA and SON) . These results demonstrate the indirect relationship between 1 local emissions and local deposition of NOy for regions influenced by atmospheric transport, 2 and also show how long-term trends can depend strongly on the season and process (wet or 3 dry deposition). 4
Sensitivity of NOy Deposition to NH3 Emissions 5
The transport and ultimate deposition of oxidized nitrogen may be tightly coupled with 6 the reduced nitrogen (NHx = NH3 + NH4 + ) and sulfate systems, due to the formation of 7 NH4NO3 aerosol that becomes favorable once all H2SO4 has been neutralized (i.e., if there is simple mass balance dictates that increases in deposition over some regions will be countered 21 by decreases elsewhere. Our perturbation is therefore to be interpreted as an experiment that 22 tests how accurately the spatial pattern in NOy deposition at our model resolution can be 23 predicted, given some uncertainty in NH3 emissions. Given the horizontal resolution of our 24 simulation (2.5 x 2.0), we acknowledge that our estimates of the sensitivity of NOy 25 deposition to perturbations in NH3 emissions may underestimate the importance of those 26 interactions at finer spatial scales. 27 Figure 8 shows the results of this experiment. The sensitivity of NOy deposition to an 28 increase in NH3 emissions is positive or negative depending on the region, while net 29 deposition over the global domain does not change (to within 1-2%). Over the continents, the 30 sensitivity in total (wet + dry) NOy deposition to the 25% perturbation in NH3 emissions tends 31 to be less than  5%, with a few exceptions. We find differences in NOy deposition on the 1 order of 10% over parts of high-latitude Russia, northwest and central Africa, eastern China, 2 southern South America, and Australia. However, with the exception of China, these are also 3 regions where deposition is relatively low. We conclude that for most regions of interest, our 4 satellite-constrained estimates of NOy deposition over the continents and their trends will not 5 be severely impacted by uncertainty in the NH3 inventories. 6 Notably, the difference exceeds +50% over Myanmar, suggesting that simulated NOy 7 deposition over this country is extremely sensitive to changes in NH3 emissions. It is clear 8 from Figure 8 that this results from a high sensitivity in dry deposition (middle panel) instead 9 of wet deposition (bottom panel). Myanmar has some of the lowest estimated NH3 emissions 10 in all of South and East Asia (at least an order of magnitude lower than surrounding India, 11
China, and Thailand), so this sensitivity reflects changes in the upwind emissions and 12 subsequent transport of NOy. We find the opposite sensitivity in nearby Cambodia, where the 13 sensitivity of dry NOy deposition to a 25% perturbation is NH3 emissions is -50%. 14 Over the oceans, the sensitivity of NOy deposition to the 25% increase in NH3 emissions 15 is generally low (<  5%), with the expected exceptions in areas that are directly offshore 16 from major continental source regions. In the North Atlantic Ocean east of Canada and 17
Greenland, and in the North Pacific Ocean off the coasts of China, Japan and in the South 18 China Sea, the sensitivity of NOy deposition is between 5-20%. Our predicted decrease in dry 19
NOy deposition to the Yellow Sea given an increase in NH3 emissions is consistent with 20 previous adjoint analyses showing increased NOy dry deposition in this region with a decrease 21 in Asian NH3 emissions (Zhao et al. 2015) . Likewise, the sensitivity of deposition to the 22
Mediterranean Sea is between 10-20%. The differences in NOy deposition over the oceans 23 results from sensitivity in both dry and wet deposition (although in the case of the 24
Mediterranean it is dominated by dry deposition). We conclude that although changes (or 25 uncertainties) in NH3 emissions can impact the distance of transport and deposition to oceans 26 downwind of the major NOx sources, the absolute magnitude of deposition is low where the 27 sensitivity of NOy deposition to NH3 is relatively high. deposition in order to evaluate long-term changes worldwide. Observations from the GOME, 10 SCIAMACHY, and GOME-2 satellite instruments have provided continuous global coverage 11 over the last 20 years, allowing observational constraints on NOy deposition that enhance the 12 poor spatial coverage of ground-based deposition measurements. 13 We find substantial variability in regional trends of NOy deposition. NOy deposition 14 declined most steeply throughout the northeastern United States at a rate of up to -0.6 kg N 15 ha -1 yr -2 , but has also decreased significantly throughout most of the country and in southern 16
Canada. In Europe, statistically significant declines at a rate of up to -0.1 kg N ha -1 yr -2 are 17 seen over some western countries. On the other hand, NOy deposition has increased 18 substantially throughout East Asia, exceeding a rate of +0.6 kg N ha -1 yr -2 in some parts. 19 Since reductions in deposition over some regions were counteracted by increases in others, 20 global NOy deposition did not change considerably over the long term. However, we find that 21 global NOy deposition could now be on the decline overall, since deposition in Asia peaked 22 around 2010-2012. The ability to resolve the striking recent decline in NOy deposition in 23
China (despite prior projections of increasing NOx emissions) demonstrates one of the 24 attributes of using a satellite-based constraint. Future observations will be important in 25 evaluating whether this trend persists. 26 We find that changes over the last two decades in the export of reactive nitrogen oxides 27 via atmospheric transport have impacted countries downwind of source regions. Export from 28
North America has decreased by at least 40%, while export from Asia has increased by the 29 same relative amount. We find evidence that decreases in NOx export from some western 30
European countries have counteracted increases in local emissions from some eastern/central 31 European countries, resulting in negligible net change in NOy deposition over the long term. 32 Likewise, Japan is highly sensitive to changes in export from China, but this depends strongly 1 on the season and whether wet and dry deposition are both considered. While uncertainty in 2 NH3 emissions can impact the footprint of NOy export and deposition, we show that this 3 sensitivity is small in most regions of concern. 4 Direct measurements of deposition are sparse, inhibiting evaluation. This is especially 5 challenging for global simulations, where individual measurements may not necessarily be 6 regionally representative. Nevertheless, we find that for the vast majority of locations our 7 satellite-derived trends are largely consistent with the observed trends. Expanded coverage of 8 ground-based observations over the long-term is needed to more comprehensively evaluate 9 long-term estimates of global NOy deposition. This need also motivates the value of using 10 alternative observational constraints like the satellite NO2 columns as presented here. Vet, R., Artz, R. S., Carou, S., Shaw, M., Ro, C.-U., Aas, W., Baker, A., Bowersox, V. C., 25
Dentener, F., Galy-Lacaux, C., Hou, A., Pienaar, J. J., Gillett, R., Forti, M. C., Gromov, S., 26
Hara, H., Khodzher, T., Mahowald, N. M., Nickovic, S., Rao, P. S. P. Table 1 : Global top-down NOx emissions calculated using the finite mass balance inversion 1 approach with observations from GOME, SCIAMACHY, and GOME-2. 
